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Figure S1 | Programming phase-change characteristics of the PCM. Resistance R of the PCM measured after 

the application of a pulse as a function of the pulse voltage amplitude VA. The programming pulse with either 

positive or negative voltage VA was applied on a device initially prepared in a set state by application of a 

positive voltage pulse for crystallization. As |VA| increases, the resistance increases above the melting voltage for 

which the chalcogenide layer starts being transformed into the liquid phase and then, after turning off the pulse, 

into the amorphous phase [1]. At large |VA|, R saturates to the value of the positive reset (PR) state or the 

negative reset (NR) state, for positive or negative VA, respectively. The melting voltage is higher for negative 

pulse compared to the positive pulse, as a results of thermoelectric heating contribution making Joule heating 

less effective under a negative voltage [2]. 

 

  



 

 

 

 

Figure S2 | Bipolar switching characteristics. (a) Measured I-V curves where a first negative voltage sweep is 

applied on either PR and NR state (1), followed by a second positive voltage sweep (2) for set transition. (b) 

Measured I-V curves for repeated negative (3) and positive voltages (4) indicating stable bipolar switching. NR 

and PR states show comparable sweeps during bipolar switching. During the first negative sweep, the current 

first increases up to about 10 A, then decreases due to bipolar reset. After the first sweep, the bipolar switching 

characteristics show the same behavior as for the case where a positive sweep is applied first (see Fig. 2c and d). 

 

  



 

 

 

 

 

Figure S3 | Current oscillations during bipolar reset at the melting point. (a) Measured current in response 

to an applied rectangular pulse with amplitude VA = -1.5 V and pulse-width tP = 1 ms. (b) Close-up of the current 

waveform indicating quasi-periodic oscillations with random period tosc. (c) Corresponding distribution of tosc. 

Current oscillations are explained in terms of alternation of depletion (where the current decreases) and collapse 

of the tunneling gap in the liquid phase. 

 

  



 

 

 

 

 

Figure S4 | Current response during bipolar set. Measured current in response to applied rectangular pulses 

with amplitude VA = 1 V (a), 1.1 V (b) and 1.25 V (c), all having pulse-width tP = 100 s. For relatively low 

voltage, the current remains in the off-state with no switching (a). At sufficiently large voltage, the current shows 

an abrupt increase after about 80 s from the start of the pulse, marking the bipolar set transition in the PCM (b). 

As the voltage is increased even further, the switching is anticipated to shorter time, while the on-state current 

increases due to stronger ionic migration and correspondingly larger decrease of resistance (c).  
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Figure S5 | Bipolar cycling of the device. Measured R after bipolar set and bipolar reset in the pulsed regime 

for 10
4
 cycles (a) and measured applied voltage and current response during a single set/reset cycle (b). We 

applied triangular pulses of VA = 1.55 V (pulse width = 100 s) for bipolar set and VA = -1.4 V (pulse width = 

200 s) for bipolar reset. The resistance R in the 2 states was measured by a read pulse with pulse-width 10 s 

and voltage VA = 0.1 V, thus low enough to prevent any unwanted disturb to the device. Note that the R window 

is largely underestimated due to limited current sensitivity in our pulsed setup, where the oscilloscope had a 

sensitivity of about 20 V, corresponding to 0.4 A read current, which limited the capability to evaluate the 

high R in the bipolar reset state. The inset shows the applied voltage waveform and the corresponding current 

response during a complete cycle of bipolar set and reset. Note the abrupt drop of current during bipolar reset 

operation driven by the migration within the active material. 
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Figure S6 | Activation energy for conduction in PR and bipolar reset state. The activation energy EC is 

generally higher than 0.2 eV for PR state (amorphous phase) and bipolar reset state obtained directly applying a 

negative voltage sweep to a PR state. This is consistent with the resistance R being controlled by the Poole-

Frenkel conduction in the amorphous phase. On the other hand, a very small activation energy EC < 50 meV is 

found for the bipolar reset state obtained from the set state, consistent with the low EC of conduction in 

crystalline GST.  

 

  



 

  

Figure S7 | Distributed energy model for resistance decay in the bipolar reset state. (a) Schematic diagram 

of the structural relaxation transition over a generic barrier ESR, representing the single event of decay due to ion 

migration back to the tunneling gap. (b) Calculated generic distribution of defects g(ESR) decaying spontaneously 

due to SR for increasing time [3]. The model is used to describe the stretched decrease of resistance at increasing 

annealing T. The annealing rate for defects is described by the formula: 
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where 0 is a time constant and k is the Boltzmann constant. The pre-exponential constant t0 was assumed to 

obey to the Meyer-Neldel [4], namely: 

τ0 = τ00𝑒
−

𝐸𝑆𝑅
𝑘𝑇𝑀𝑁           (2) 

Due to the Arrhenius dependence, defects at low EC decay at relatively short time, as indicated by the time 

evolution of g (b). A linear relationship was assumed between the activation energy of conduction EC and the 

energy E*SR marking the energy of annealed traps (b), namely: 

E𝐶 = α𝐸𝑆𝑅
∗             (3) 

where  = 0.1 is a constant. EC was finally used in the Arrhenius formula for the resistance of the bipolar reset 

state, namely: 

R = R0𝑒
𝐸𝐶
𝑘𝑇            (4) 

where R0 is a constant. As E*SR increases due to the thermally-activated decay of the tunneling barrier, EC and 

consequently R decrease. The model allows for predicting the resistance decay as a function of time and 

temperature and for any complicated profile of T with time, e.g., increasing T in the multiple annealing 

experiment in Fig. 5. This allows accurate and realistic description of resistance during device operation. 
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